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I. Introduction
Iron is an essential nutrient for most organisms. [1] [2] [3] This first-row transition metal ion is involved in multiple biological phenomena essential to life that include oxygen transport and respiration, electron transfer, DNA synthesis and repair, and primary metabolism. Ironcontaining enzymes also participate in secondary metabolism and the oxidative stress response. Iron is typically found in the +2 (ferrous) and +3 (ferric) oxidation states in biological systems, and higher oxidation states are achieved transiently during enzymatic catalysis.
Organisms acquire this important nutrient by employing dedicated mechanisms for iron acquisition, transport, and storage. 2, 4, 5 Prokaryotes require micromolar (10 -6 M) concentrations of iron to replicate and colonize, and are thus faced with a metabolic predicament because the concentration of Fe(III) at neutral pH is low (ca. 10 -18 M). 6 Moreover, the free iron concentrations in living organisms, including the vertebrate host, are strictly regulated at lower concentrations (ca. 10 -24 M in human serum) 6 because of the inherent toxicity of the metal ion, which results from its propensity cycle between the Fe 3+ /Fe 2+ oxidation states and generate deleterious radicals via Fenton chemistry. To acquire the concentrations of iron necessary to thrive in nutrient-limited environments, prokaryotes utilize a variety of strategies for iron acquisition.
based metal-ion sensing. [49] [50] [51] Fluorescence probes incorporating siderophore scaffolds that provide rapid, selective and sensitive responses to Fe(III) hold significant promise for investigating iron uptake by siderophore-utilizing organisms and, more broadly, the roles of iron in biology with particular emphasis on the so-called labile iron pool. 52, 53 These tools are also useful for monitoring iron concentrations in environmental and clinical samples. In Section III, we cover developing technologies that provide siderophore-based pathogen capture. [54] [55] [56] These proof-of-concept studies are motivated by a need for rapid and reliable methods for detecting virulent bacteria in food products, the environment, and in clinical samples. We intend for this review to complement prior reviews that address siderophore coordination chemistry, 18, 57 siderophore-based chelation therapy, 37, 38 siderophores and cancer therapy, 39, 40, 58 and siderophore-antibiotic conjugates for drug delivery. 41, [44] [45] [46] [47] 58 We chose to limit the scope of this minireview to platforms that utilize native siderophore scaffolds rather than siderophore mimics.
A wealth of literature pertaining to the design, synthesis, and application of siderophore analogs exists, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] some of which has been reviewed recently, 18 and we note that a number of these molecules are fluorescent Fe(III) sensors. [65] [66] [67] [68] [69] [70] [71] [72] 
II. Strategies for Fe(III) Detection
In this section, we highlight select examples where naturally-occurring siderophores have been employed for the detection of Fe(III) by using fluorescence. We first consider naturally-emissive siderophores, including pyoverdines (i.e. 1) produced by Pseudomonas spp.
and azotobactin 3 from the soil bacterium Azotobacter vinelandii. 9, [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] Next, we evaluate several synthetic fluorophore-siderophore conjugates where fluorophores are attached to native siderophore scaffolds to provide fluorescence responses following Fe(III) coordination. [84] [85] [86] [87] [88] Iron is a paramagnetic metal ion and thus has a propensity to quench fluorophore emission. As a result, most of the siderophores described herein afford fluorescence quenching or "turn-off"
following Fe(III) recognition. Lastly, we present a lanthanide-based approach where Fe(III) coordination results in lanthanide displacement and loss of lanthanide luminescence.
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II.a. Fe(III) Detection Based on Naturally-Emissive Siderophores
Among the most celebrated fluorescent siderophores are the pyoverdines (i.e. 1), 90 which are produced by all fluorescent pseudomonads including Pseudomonas aeruginosa and P. fluorescens, and the nitrogen-fixing soil bacterium Azotobacter vinelandii. The PVD gene cluster of Pseudomonas spp. is responsible for the biosynthesis of pyoverdines. 91 These nonribosomal peptides are comprised of a N-terminal dihydroxyquinoline chromophore, a peptide arm of six to twelve residues in length, and a side chain that is most often a small dicarboxylic acid or amide (Figure 1 ). 90 The length and composition of the peptide arm are examples where a naturally-occurring siderophore has been employed for Fe(III) detection. In all cases, the siderophores were isolated and purified from cultures of the producing organism and iron coordination results in quenching or "turn-off" of siderophore emission. We first consider fluorescent siderophores employed for Fe(III) sensing in solution. [73] [74] [75] Subsequently, we describe efforts to immobilize siderophores in materials, including micelle-templated silica and sol gel, for the optical detection of this metal ion. [76] [77] [78] [79] [80] [81] 83 Azotobactin δ 3 is a fluorescent siderophore produced by Azotobacter vinelandii and shares structural similarities with the pyoverdines. In the laboratory, this natural product can be isolated in quantities of 100 -200 mg/L of culture when a mutant strain that overproduces the siderophore is employed, 96, 97 providing sufficient quantities for extensive analytical work. turn-off and a slight blue-shift in the wavelength of maximum absorption. 73 The quantum yield for azotobactin is 0.28 at pH 2 (6-hydroxypyrene-1,3,6-trisulfonic acid standard; Φ = 0.96, pH 2). 97 A fluorescence assay for Fe(III) determination using azotobactin δ provided a linear range between 0 -95 ng/mL Fe(III) and a detection limit of 0.5 ng/mL (89 nM; acetate buffer, pH 4.4). 73 The emission readout from this assay was not perturbed by Na(I), Ca(II) or Mg(II) (2 to 5
x 10 3 -fold higher concentrations than that of ferric ion) whereas low concentrations of Cu(II) and Al(III) compromised the Fe(III)-induced response.
A fluorescence method employing azotobactin as an Fe(III) reporter was subsequently devised for quantifying non-transferrin-bound iron (NTBFe) in the serum of thalassemia patients. 75 Thalassemics suffer from iron overload and concentrations of NTBFe can reach 10 µM in the serum of these patients. This disease is prevalent in developing countries, motivating the development of facile and inexpensive detection methods for monitoring NTBFe levels. This azotobactin-based approach involves (i) saturation of any apo transferrin in the serum by Co(III) addition, (ii) mobilization of non-transferrin-bound iron by using nitrilotriacetic acid, (iii) removal of all serum proteins, and (iv) addition of azotobactin to the resulting solution to quantify Fe(III)
by using a calibration curve prepared with iron-spiked serum from healthy human subjects.
Samples from sixty-three thalassemics were analyzed by this assay, which provided Fe(III) Like azotobactin δ, pyoverdine affords a turn-off fluorescence response to Fe(III). Pyoverdine has been immobilized on controlled pore class (CPG), in large-pore micelle-templated silica (MTS), and in sol gels for Fe(III) detection. [76] [77] [78] [79] In the early 1990s, pyoverdine was immobilized on CPG and thereby incorporated into a flow cell, which provided iron determination in the 10 -200 ng/mL range and a modest detection limit of 3 ng/mL. 76 This approach was employed to evaluate iron concentrations in tap and mineral waters, and the resulting data were in agreement with data obtained by inductively coupled plasma atomic emission spectroscopy (95% confidence level). Because acidification results in catechol protonation and release of Fe(III) from pyoverdine, the flow cell was regenerated by flushing with 1 M HCl, and longevity studies revealed that an individual cell had a lifetime of ca. three months or one-thousand measurements. Subsequently, this method was modified to for the analysis of iron speciation by outfitting the flow cell with a column containing persulfate. 77 When the column was bypassed, the flow cell only reported on Fe(III). Flowing the solution of interest through the persulfate column resulted in oxidation of any Fe(II) to Fe(III) and thereby provided a measurement of total dissolved iron. This particular system was employed to determine total iron levels in tap water, well water, and wine. Like the first-generation sensor, this system was used repeatedly over the course of three months. Ten to fifteen samples may be processed each hour.
A related tactic is to encapsulate or immobilize pyoverdine in MTS. 78, 79 A direct synthetic procedure was first devised where pyoverdine was dissolved in the templating micelles, and the resulting MTS provided reversible fluorescence quenching with Fe(III) addition. 78 This preparation, however, resulted in insufficient encapsulation of the pyoverdine and alternative immobilization strategies were subsequently pursued. Along these lines, pyoverdine was covalently attached to a glycidoxy-grated large-pore MTS and a commercial high-grade glycidoxy-grafted silica gel ( Figure 3 ). 79 These materials served as metal ion sponges and sequestered iron from solutions containing mixed metal samples. In some instances, chromium interference was observed. Pyoverdine was also entrapped in sol-gel glass for Fe(III) detection. 81, 83 In one case, the siderophore exhibited maximum emission at 405 nm when encapsulated in the sol-gel, and maximum intensity was observed in the pH 5 to 7.5 range. 81 Pyoverdine retained its Fe(III)-induced turn-off fluorescence response in the sol gel, and these Fe(III)-responsive materials exhibited greater stability than the CPG-based systems described above.
The detector was employed to analyze iron concentrations in Madrid tap water and human serum. 81 Lastly, the intrinsic emission of parabactin (8, Figure 1 ) has been employed for the detection of bioavailable Fe(III) in ocean waters. 82 Parabactin is a spermidine catecholate siderophore produced by Paracoccus denitrificans that employs two catechol moieties and a 2- treating iron-overload disease, the lack of oral availability and low cell permeability limit its utility.
In the early 1990s, a derivative of DFO bearing a terminal nitrobenz-2-oxa-1,3-diazole (NBD) moiety was reported (12, NBD-DFO, Figure 4 ). 84 NBD-DFO is water-soluble, exhibits maximum emission centered at 548 nm (λ ex = 475 nm), and affords fluorescence quenching upon addition of Fe(III) (10 mM HEPES, 100 mM NaCl, pH 7.4). Mixtures of acid (pH < 5) and excess EDTA reverse Fe(III)-induced turn-off, confirming that NBD-DFO is a turn-off Fe(III) sensor and that the fluorophore-modified chelate retains a high-affinity for this metal ion. A stability constant for NBD-DFO for Fe(III) was not reported and is assumed to be similar to that of parent DFO (Table   1) by using acid and acid/EDTA mixtures.
NBD-DFO was subsequently employed in two biological contexts. 84, 85 In one report, the anti-plasmodium activity of NBD-DFO was evaluated. 84 59 Fe-NBD-DFO revealed that the negligible cellular entry of iron-bound form.
NBD-DFO was subsequently utilized to monitor iron uptake in maize and cotton roots. 
II.b.ii. Pyochelin-Fluorophore Conjugates for Turn-On Fe(III) Detection
Pyochelin (2, Figure 1 ) is a yellow-green emissive siderophore that was first isolated Pyochelin also forms coordination complexes with Co(II), Ni(II), Cu(II), and Zn(II) and Mo(VI). 109 Because of its unusual structure, relatively weak Fe(III) affinity, and the relatively low levels of pyochelin produced by Pseudomonas cultures, this natural product has been described by some as a "secondary siderophore." Intracellular fluorescence from the NBD chromophore was observed. In contrast, no cellular labeling was observed for P. aeruginosa DH51, which does not express FptA, following incubation with 17. These preliminary experiments indicate that 17 is suited for studying pyochelin uptake in Pseudomonas and other organisms, and that FptA may transport various pyochelin-derivatized cargos.
To date, few turn-on fluorescent detectors for Fe(III) have been reported, 49, 72, [110] [111] [112] making these pyochelin-fluorophore conjugates important contributions to the broad field of metal-ion sensing. Moreover, several of the turn-on Fe(III) sensors reported to date have relatively low affinity (K d ~ 5 -300 µM) and hence high detection limits, which limit practical utility. 49 Unraveling the photophysical properties of the apo and iron-bound forms of 17/18, and precisely how the synthetic modifications at the N3" position influence the coordination behavior of pyochelin, will be enlightening and provide insight for the design of second-generation turn-on pyochelin-based metal-ion sensors in addition to other types of pyochelin-based conjugates.
II.c. Fe(III) Detection Based on Lanthanide Displacement
Several displacement approaches for metal-ion detection have been reported and afford 
III. Strategies for Pathogen Detection
In this section, we present four recent strategies for or applicable to the detection of microbial pathogens that require siderophores. A recent proof-of-concept example of siderophore-based pathogen detection involved polydimethylsiloxane (PDMS) stamping and immobilization of pyoverdine onto gold-plated glass chips for the capture of the opportunistic human pathogen Pseudomonas aeruginosa ( Figure   8 ). 54 FpvA is the pyoverdine receptor expressed by P. aeruginosa and it has a K d value of ca. 0.5 nM for its iron-bound ligand. 124, 125 Pyoverdine was complexed with gallium and coupled to bovine serum albumin (BSA) by using carbodiimide chemistry. Subsequently, a PDMS stamp housing a pattern of repeating parallel ridges was treated with pyoverdine-BSA and employed to imprint a parallel pattern of pyoverdine-BSA onto gold-plate glass chips. In the first set of experiments, the chips were treated with solutions of DiO-labeled P. aeruginosa and the resulting emission pattern was visualized by using fluorescence microscopy. DiO, 3,3'-dioctadecyloxacarbocyanine perchlorate, is a commercially-available fluorescent dye that binds to cell membranes. These experiments revealed a parallel pattern of DiO emission, with emission corresponding to the pyoverdine-functionalized regions of the chip. This pattern indicated that P. aeruginosa bound to the chip only where pyoverdine was attached. Because pre-loading the bacteria sample with a fluorophore is impractical for achieving rapid pathogen detection in real-world samples, the DiO-labeling step was ultimately circumvented by using light scattering, followed by Forrier transform analysis, to visualize the siderophore-captured bacteria. Using this technique, 10
aeruginosa from cultures at 10 2 cells/mL was observed. Only fifteen minutes were required for maximum P. aeruginosa binding, making this approach significantly more rapid compared to established methods for pathogen detection such as PCR-based screens.
To probe the selectivity of the pyoverdine-modified chips for pyoverdine-producing organisms, the chips were treated with E. coli or Yersinia enterocolitica, species that neither express FpvA nor utilize pyoverdine for iron acquisition. Only negligible patterning was observed, supporting a requirement of a pyoverdine receptor for chip-based detection. It should be noted that the effect of metal-ion coordination by pyoverdine on the detection limit was not addressed in this study. It is unclear whether the pyoverdine stamped onto the gold chips is gallium-bound, iron-coordinated (resulting from iron-induced displacement of gallium), metalfree or a mixture of these species. Although iron-free and gallium-bound pyoverdine bind to FpvA, 124, 126 the speciation may influence the detection limit for this system or for similar chips that utilize different siderophores.
Following this proof-of-concept report, the siderophore-modified chip methodology was extended to the detection of Yersinia enterocolitica. 55 This Gram-negative human pathogen causes gastroenteritis and employs its xenosiderophore DFO (5, Figure 1 ) for iron acquisition.
The receptor FoxA is responsible for ferrioxamine uptake by Y. enterocolitica, 127, 128 and utilization of this siderophore is associated with virulence and systemic infection in patients receiving chelation therapy for iron overload. 129 A ferrioxamine-BSA conjugate was therefore prepared by using carbodiimide chemistry, and a PDMS stamp was treated with ferrioxamine-BSA and used to pattern a gold-plated glass surface. The chips were subsequently incubated 
IV. Summary and Perspectives
This minireview summarizes advances in siderophore-based detection of iron and microbial pathogens reported through mid-2012. Building upon decades of fundamental studies in siderophore coordination chemistry, total synthesis and biology, some highlights of the past few years include reports of siderophore-based turn-on Fe(III) sensors and pathogen capture strategies. These proof-of-concept studies warrant further elaboration. Moreover, additional directions in both fundamental research and technology development with broad impact (i.e. Whether the proof-of-concept methods for pathogen capture and siderophore-protein discovery described above are applicable to pathogen detection in more complex biological and clinical samples remains to be evaluated. Testing in real-world samples is an important first step in this regard, and achieving the required sensitivity and selectivity will likely require optimization and new design strategies that include multiplexing. In closing, we aim for this minireview to summarize highlights spanning approximately two decades of siderophore-based detection research, provide a helpful resource for the community, and catalyze new frontiers in siderophore-based research. We look forward to the outcomes of such future endeavors. 
